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a b s t r a c t

In the current study magnetic, magneto-optical and microstructural properties of the amorphous
Fe83Cu1Nb3Si5B8 alloy were properly investigated depending on the external treatments such as
annealing and stress annealing. Kinetic nanocrystallization temperatures of certain ribbon were deter-
mined at the range of 500e510 �C. The amorphous ribbons produced in the as-spun state were subjected
to tensile stress loading with and without rapid heat treatment of 510 �C during 5 s. Behaviors of certain
ribbons were extensively investigated in terms of several factors such as magnetic properties, micro-
structural evaluation, magneto-optical effects and structural deformation by means of quasi-static hys-
teresis loops, XRD analyses, TEM micrographs, magneto-optical Kerr imaging and nanoindentation test.
Present nanocrystalline Fe83Cu1Nb3Si5B8 alloy have allowed yielding not only ultrafine grain structure of
around 7.02 nm but also saturation induction of 1.85 T, coercivity of 5.8 A.m�1 and saturation magne-
tostriction of 6 ppm. Additionally, based upon determined optimum stress annealing circumstances,
toroidal nanocrystalline core was produced using a proposed stress induced winding (SIW) system. SIW
system based principally on the gradient of the rotational speed of each mandrel in the standard toroidal
core winding machine. Structural deformation of the core was determined by an analysis method per-
formed on the ribbon. Accordingly, induced elastic modulus (E), Poisson's ratio (V) and residual strain (ε)
in the ribbon under the influence of stress annealing by 200MPa at 510 �C were found as 7.9 GPa, 0.39
and 0.031, respectively.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Over the last decades, nanocrystalline (NC) FeCuNbSiB soft
magnetic materials produced as-spun (AS) state from amorphous
precursor by the primary crystallization of bcc Fe have attracted
much attention as they have superior magnetic properties [1e3].
NC FeCuNbSiB alloys are commonly known by lowest coercivity, Hc

(<1 A/m), fulfilling permeability, m (>1� 105) with quite low
magnetostriction, ls (<1 ppm) and sufficient saturation polariza-
tion, Js (z1.9 T) [1e4] as long as DC magnetic field is applied. Such
produced ribbons have been widely investigated in terms of both
magnetic properties [1,5e7] and microstructures [8e12]. Hoffman
et al. [10] and Gonzalez et al. [13] investigated magnetic behaviors
of NC soft magnetic ribbon after proper annealing conditions were
implemented under tensile stress, i.e., stress annealing. Alves et al.
[14] showed that stress annealing requires a continuous reel-to-
reel annealing technique with possibly short annealing times.
Here the point determines the standard for the control of stress
inducing during reel-to-reel production process. Expectation from
a stress annealed sample obtains superior magnetic capabilities
after such short time annealing treatments lasting a few seconds
only [15]. On the other hand, sustainable structural stability should
be consistently assured for the long-term usage. Lashgari et al. [16]
showed that annealing treatment increased the hardness and
Young's modulus of FeSiB alloys, while further increase of the
annealing time (i.e. 500 �Ce3 h) led to decreasing hardness and
Young's modulus. Thus, the stability and durability of the sample
were more or less reduced with the stress annealing as long time
for heat treatment causes to increase of brittleness of the ribbon.

The objective of the present work is to summarize the influence
of rapid heating and rapid heating under the tensile loading on the
magnetic properties, microstructural evaluations and structural
deformation of FeCuNbSiB alloy. Jiang [17] stated that depending on
the changes in the annealing duration, the magnitude of the grain
sizes in NC alloys could fluctuate as a result of the variations in the
nucleation and volume diffusion rates. This fluctuation makes the
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ribbon unstable and brittle even in small external interferes as well.
The main case is herein to control the applied tensile stress during
reel-to-reel production process by means of proposed SIW system.
This process makes possible to manage the value of desired stress.
Then the produced toroidal core could be exposed to either thermal
treatment only or annealing with the presence of the magnetic
field. In particular, heat treatment in the presence of magnetic field
in which the direction can be transverse, longitudinal or perpen-
dicular depending on the desired magnetic properties lead to the
formation of the less complex domain configuration [18,19]. On the
other hand, after production of the toroidal core, the most
remarkable parameter that affects to the magnetic properties is the
real-time value of the tensile loading. Since winding-induced
bending stress has also been activated during core production,
the tolerance comparison between linear (before core production)
and non-linear (after core production) tensile stress implementa-
tions must be investigated. Regardless of unstable winding, in other
word, release the wound core as “loose”, improvement in satura-
tion magnetization leads to reduce in core loss.

Ribbons, analyzed by a sequence of microstructural analyses
after produce, were used to manufacture the toroidal core in the
last stage. In the case of core production, a winding machine which
has binary or ternary equivalent mandrels is generally preferred to
control the wall thickness of the core. However, in the course of
fabrication of the core, a numerical expression which determines
the desired stress loading is so far missing. During this extensive
study, we have aimed to put forward a numerical explanation to
control the stress during the core production. Also, this numerical
expression which is principally derived from the fundamental
stress/strain equations and depends on the difference between the
rotational speeds of mandrels was properly input the system's al-
gorithm. Moreover, physical variations in the ribbons such as lon-
gitudinal ðεLÞ and transversal (εT ) strains, Young's modulus ðEÞ and
Poisson's ratio ðVÞ could be determined by means of nano-
indentation test.

2. Experimental section

Precursor amorphous ribbons with the nominal composition of
Fe83Cu1Nb3Si5B8 were prepared by induction melting under a high-
purity argon atmosphere. The thickness of produced as-spun rib-
bon was found ~20 mm. It was quantitatively confirmed by both
scanning electron microscope (SEM) micrograph and electronic
caliper. The material was slit to 20mm width. The annealing was
performed by continuously transporting the ribbon through a
furnace with an approximately 10 cm long homogeneous temper-
ature zone under a tensile stress s, along the ribbon axis during 5 s.
Note that the sample was subjected to stress implementation as
long as annealing was performed. The alloys in the AS state were
isothermally evaluated by differential scanning calorimetry (DSC)
at a heating rate of 0.67 �C/s under continuous heating and a ni-
trogen flow. Accordingly, primary crystallization temperatures
(first-peak) were obtained around 510 �C. The microstructures of
the ribbons both in the AS state and in the states of annealed and
stress annealed were characterized by X-ray diffraction (XRD) by
using monochromated Mo-Ka radiation (l ¼ 7:1 nmÞ. Coercivity
(Hc), was determined from the DC hysteresis loops recorded on
0.3m long ribbon samples. The saturation induction (Bs) was
determined from the hysteresis loop at a maximum field strength
of 20 kA/m. The saturation magnetostriction (ls) was measured by
the small angle magnetization rotation (SAMR) method [20]. The
grain size was determined by the Scherrer equation using a form
factor K¼ 0.9. However, numerous limitations should also be
considered since the correlation between D and Hc is necessary to
ensure the reliability of actual calculation [21]. Mean grain size was
further analyzed using transmission electron microscope (TEM)
with an accelerating voltage of 200 kV. TEM samples were prepared
onto the plate with the diameter of 3mm by ion milling method
(Gatan Inc., PIPS-M695) under liquid nitrogen cooling condition.
The magnetization process of the samples was confirmed both by
simultaneous hysteresis measurements and by domain observa-
tion. The sample was magnetized in a specially designed single-
sheet frame magnet [22]. The magnetized coil was driven by a
Kepco power supply. For domain observation, Kerr microscope was
preferred; a regular wide-field polarization microscope that allows
for high-resolution imaging using the longitudinal Kerr effect with
adjustable sensitivity direction [23]. To perform the nano-
indentation test, surface of the sample was polished down to a final
grit of 40 nm. Nanoindentation was performed using a Tri-
boIndenter (TI 950, Hysitron Inc., USA). The indenter tip in the form
of triangular pyramid is made of an industrial diamond with an
elastic modulus of 120 GPa and Poisson's ratio of 0.12. While the tip
had a triangle geometrywith the angle of 142.3�, it was truncated at
a height of 2 mm and its radius was assigned as 100 nm. In this
study, we used the quasistatic nanoindentation module to measure
the Young's modulus and related mechanical properties.

3. Results & discussion

3.1. Magnetic, microstructural and magneto-optical investigations

Quasi-static hysteresis loops resulting from progressively
applied tensile stresses in the range of 10e200MPa are indicated in
Fig. 1a. Here the ribbons in the as-spun state were merely exposed
to the tensile loading regardless of heat treatment. Thereby their
magnetic behaviors illustrates that the longitudinal tensile stress
lead to formation of soft magnetic materials to ensure the higher
saturation induction. However, it is apparently seen that Hc values
was increased as well as Bs values. Thus, increase in the Bs value
allows good magnetic capability while expanded area of hysteresis
curve (increasing Hc) means enlarged grain size. This case indicates
that the improvement in magnetic properties is not sustainable by
means of only stress loading. Nevertheless, this unstable state could
be annihilated considering a mild heat treatment in addition to the
tensile stress, namely stress annealing. In the Fig. 1b, the curves
became much uniform where Bs value increased while Hc became
relatively less than before. Note that in the second case (Fig. 1b),
ribbons were annealed at 510 �C in the presence of tensile loading
in the range of 10e200MPa just like the case in Fig. 1a. Appropriate
temperature of heat treatment could be assigned by means of DSC
analysis results are shown in Fig. 2a.

According to DSC analysis as shown in Fig. 2a, kinetic primary
crystallization temperatures of Fe83Cu1Nb3Si5B8 alloy system were
found at about 510 �C. Then, the ribbon in the states of AS, stress
loaded, annealed and stress annealed was individually compared
by XRD studies (Fig. 2b). Herewith, it can be explicitly seen the
evolvement of the diffraction patterns during the nano-
crystallization process from the state of AS to stress annealing. This
broadened reflections denotes the formation of large volume
fractions DO3-type ordered nanocrystals of a-Fe(Si) solid solution.

The new formations after only mechanical (stress), only thermal
and thermal under the influence of magneto-mechanical treat-
ments are evidence of the decreased grain size. The intensity of
diffraction peak may lead to predict the crystallization volume
fraction of certain nanocrystalline alloy with respect to its coun-
terparts [24]. Note that all XRD analyses were performed in the free
surface of the ribbons. According to intensity peaks of the ribbon in
the AS state, crystallization was more or less formed towards free-
surface even if amorphousmatrix was still dominant. This structure
shows that in-plane crystalline-texture was formed during casting



Fig. 1. Effect of tensile loading in the Fe83Cu1Nb3Si5B8 alloy system. Ascending full hysteresis curves of the ribbon in the as-spun state (a) and variation of Hc values (inset).
Ascending full hysteresis curves after application of stress annealing from 10 to 200MPa (b).

Fig. 2. Typical DSC curve for composition of Fe83Cu1Nb3Si5B8 alloy system (a) and 3D X-ray diffraction patterns of the ribbons in the AS state, after apply tensile stress of 200MPa,
annealing at 510 �C and stress annealing during 5 s (b). Mo-Ka source was preferred as radiation.
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in the direction of wheel rotation. Such physical variations of the
diffraction peaks mean the reduction in the crystal grain size that
can be easily calculated by Scherrer formula,

D ¼ kl
bCosq

(1)

where D denotes average crystalline size, b is the line broadening in
radians that is known as full width of half maximum (FWHM), q is
the Bragg angle and l represents X-ray wavelength (For Mo-Ka
target). Using FWHM of the diffraction peak of the a-Fe(Si) crys-
talline phase and the Scherrer equation, the calculated D-values of
the alloys after the implementation of mechanical stress, annealing
and stress annealing were found at 25.1 nm, 8.1 nm and 5.7 nm
with the nominal errors of ±1.2, ±0.24 and± 0.082, respectively.
This calculation is generally based on the random anisotropymodel
developed by Herzer [25]. However, in some cases, the obtained or
calculated D values should be quantitatively proven by TEM im-
aging and the statistical distribution of the average grain sizes.

TEMmicrographs shown in Fig. 3aec is the remarkable evidence
to become ultrafine grain sizes applying stress annealing during 5 s.
The choice of five seconds as the duration of the heat treatment is to
avoid reducing the stability of the sample. Apparently, flash
annealing performed within 5 s would bring a smart solution for



Fig. 3. TEM micrographs for the specimen in the AS-state (a), in the state of heat treatment by 510 �C (b) and stress annealing at 200MPa (c). Besides, the statistical distribution of
the average grain sizes for (b) and (c) were illustrated in (d) and (e), respectively.
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this problem. In Fig. 3a, the specimen in the AS state shows a few
signs of crystallization on the free surface while the sample
exposed to heat treatment in Fig. 3b obviously consists of relatively
bigger grains (in the vicinity of 6e15 nm). The specimens subjected
to stress annealing indicate subsequently small average grain sizes
ranging from 4 to 10 nm as shown in Fig. 3c. A statistical grain size
distributions for the samples after a mild heat treatment and stress
annealing are also presented with frequency distribution and its
Gauss Amplitude fitting. The average grain sizes from statistical
distributions were found around 6.14 nm (for stress annealed
sample) and 8.99 nm (for the sample subjected to heat treatment)
which have a good correlation with the data yielded by XRD. Thus,
deviation between calculated mean grain sizes by TEM and XRD
analyses were found by 5% for stress annealed sample and by 22%
for the sample exposed to heat treatment only. It is noted that such
difference between two cases probably originates from the random
anisotropy of the sample exposed to annealing without stress
loading that sustains more or less its existence.

Fig. 4 shows the variations of saturation induction of Bs, satu-
ration magnetostriction of ls, coercivity of Hc and mean grain size
(D) as a function of tensile stress loading under the influence of heat
treatment at 510 �C. Variations of Bs and Hc could be principally
predictable from the comparison between Fig. 1a and b which lead
to inverse ratio between them. Note that this study was performed
under the constant temperature which is around the first crystal-
lization region. Due to this fact, stress loading is mere factor to
affect the microstructural evaluation of the ribbons. Particularly,
D-values show a remarkable reduction trend after the stress
loading between 100MPa and 200MPa. This peculiar result leads
to formation of less boride structure and of small crystalline grain
sizes around such values of external loadings. Additionally,
reduction trend of ls is also quite similar with Hc that shows
preferably linear reduction with the increment of stress loading.
Thus stress annealing under higher values of stress loading has a
dominant effect for the improvement of microstructural properties,
i.e. D, ls and Bs.

In Fig. 5, magneto-optical Kerr micrographs are presented to
exhibit the refinement in magnetic microstructures depending on
the circumstances of tensile loading without a mild heat treatment.
The stress patterns in the AS state (Fig. 5a) can particularly appear
to be superimposed onto a regular wide domain structure. The
observations of such characteristic internal stress patterns are to be
expected unless the specimen is subjected to the external thermal
and/or mechanical treatments. It should be noted that presented
image sequences in Fig. 5 were observed on the sample of AS state
(a) and on the samples exposed to tensile stresses in the range of
10e200MPa (b-g). Regardless of the effect of magnetic field, it is
clear that applied tensile stress vitiates somewhat residual stress
patterns which can appear to be superimposed on thewide domain
patterns where curved domains are along the principal direction.
Therefore, the annihilation of certain stress patterns was not
permanently enhanced without implementation of tensile force in
the presence heat treatment. In this sense, comparison between
annealed and stress annealed samples under the same circum-
stances is illustrated as shown in Fig. 6. Here the tensile forcewith a
mild heat treatment was activated until the physical integrity of the
ribbon was lost (>200MPa) and expectedly, strong enough tensile
force led to form slab-like domains along the planar tensile axis as
the prevailing magnetization process (Fig. 6b).

On the other hand, sample exposed to rapid heat treatment at
510 �C during 5 s shows less uniform domain configuration (Fig. 6a)
than that of annealed sample. Therefore, stress annealing makes



Fig. 4. Variations of coercivity Hc, saturation induction Bs , mean grain size D and saturation magnetostriction ls as a function of tensile stress loading under the influence of heat
treatment at 510 �C.

Fig. 5. Magneto-optical Kerr micrograph; stress domination patterns in the as-quenched state (a), tensile stressed pattern of 10MPa (b), 50MPa (c), 100MPa (d), 130MPa (e),
160MPa (f) and 200MPa (g).
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possible to obtain uniform domain arrangement with less curved
walls. This case may also lead to the inhomogeneous magnetization
in which it appears fluctuating magnetization direction due to the
existence of the average random magnetocrystalline anisotropy
[26].
3.2. Structural deformation during core production

In the second part of this investigation, we aimed to bring
reasonable solution to produce the toroidal core with the
containable values of applied tensile stresses in the lab conditions.



Fig. 6. The domain evaluation based on nanocrystallization of the sample by means of annealing at 510 �C (a) and of stress annealing at 510 �C and 200MPa (b).
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Tomeet this requirement, we proposed a formulawhich is based on
the stress and strain relations. Thereby, nanocrystalline toroidal
core was able to be produced by means of a standard winding
machine with and without stress loading. Ribbons were also
analyzed to ensure the structural deformation using nano-
indentation test device. As it is well-known that volume fractions of
the grain interior and the grain boundary exchange during grain
size is expanded [27], produce the core in the presence or absence
of the stress loading becomes significant in terms of
nanocrystallization.

As common-known that the tensile force ðFÞ applied to the
sample in a cross-sectional area ðAÞ could be expressed by F =A
which is the definition of tensile stress loading ðs ¼ F=A Þ. Com-

bination of this relationwith the Newton's second law
�
F ¼ m:dvdt

�
leads to new formation of the formula that includes the term of the
linear velocity, as indicated in Eq. (2),

sðvÞ ¼ m
Ao � AN

d
dt

ðv1 � v2Þ (2)

where Ao and AN represents original and subsequent cross-
sectional areas, respectively. As one can be established that there
is close relation between the terms of “stress” and “strain”. This
numerical relation can be validated for the winding machines that
have a binary mandrel systems. Thus, mandrels having different
linear velocities providing that v1 > v2 lead to form a stress during
core production. So, deformation inside the sample by applied
external stress can be defined as “strain” or “residual strain” and
expressed as in Eq. (3),

ε ¼ LN � Lo
Lo

(3)

where Lo and LN represents original and subsequent length of the
ribbons, respectively, while ε defines the strain value. In this sense,
Young's modulus can be written by combination of (2) and (3) as in
Eq. (4),

E¼ s

ε

¼ 1
r

m:Lo
ðAo � ANÞðLN � LoÞ

d
dt

ðu1 � u2Þ (4)

where u1 and u2 define the angular speed of each mandrel. Here
the term of r refers to the radius of the holder attached to the
mandrel. It is here given to cancel out the term of r placed in the
numerator resulting of relation between linear and angular speeds
(vn ¼ un:rÞ, where the subscript n varies with the number of
stacked ribbon in each holder. Schematically illustration of the
proposed stress induced winding (SIW) system is given in Fig. 7.
Physical parameters of a piece of ribbonwas also configured as long
as the tensile stress was induced by rotation of the mandrels as
shown in Fig. 7a. The proposed system that includes binary man-
drels seems a simple machine just like a tape recorder (Fig. 7b). The
mandrel, known as “Source” has a tunable resistive force inwhich it
acts like attempting a reverse motion with respect to pulling ve-
locity. This behavior allows to change of applied tensile stress as
well as residual strain during the construction of toroidal core. Here
the point is the gradient of the rotational speed of eachmandrel, u1
and u2.

The proposed formula, namely stacking function as presented in
Eq. (5) was applied to the mandrels of the winding machine to
obtain desired stress values. Thus, it was formed a difference be-
tween the rotational speeds of source and target mandrels where
they rotate to a counter-clockwise.

Dðs; uÞ ¼ ðAo � ANÞ
m:r

nðsÞ
ðn
0

sðtÞ dt (5)

where Dðs; uÞ represents stacking function depending upon
applied tensile stress and the rotational speed of the mandrels. One
of the most significant parameters in the stacking function is the
stacking or winding number, nðsÞ as a function of applied tensile
stress, because the thickness of the produced core progressively
varies with the time. Due to this fact, subscript, n was introduced
once the linear velocity ðvnÞ was replaced with the angular
speed ðunÞ. Boundary of the definite integral in (5) denotes the
increase of the wall thickness of the core as a function of the time.

Thewall thickness of the produced corewas assigned by 30mm.
However, the number of stacked ribbons in unit volume varies with
the applied tensile stress, as the air gaps between the ribbons could
be reduced as much as possible. This may be interpreted that SIW
system was not only offered temporarily solution to improve
magnetic properties, but also provide structural stability for the
produced core. Schematic illustrations of produced core under the
influence of certain stress values in SIW system is given in Fig. 8. R
and r represent the inner and outer radius of the core, D and d
represent the wall thickness of the core and width of the ribbons.
Also, l defines the length of the magnetic flux path. The values of r;
d; D; R and lwere measured as 20mm, 20mm, 30mm, 50mm and
185mm, respectively. As seen in the Fig. 7a, physical parameters of
the ribbon such as length, width and thickness entirely vary with
the applied stress where the ribbon stretches from original length



Fig. 7. Sketch of the proposed SIW system. Physical evaluation after applied tensile stress to a piece of the ribbon (a). Construction procedure of toroidal core depending on pulling
velocity (b).

Fig. 8. Produced core dimensions. Appearance from the side view (a) and the top view (b).
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ðLoÞ or width (WoÞ to new length ðLNÞ or width (WNÞ. Thus cross-
sectional area is simultaneously decreased depending on strength
of the applied stress as well. The difference of such physical pa-
rameters could be quantitatively determined by nanoindentation
test. Thereby, Eq. (6a-b) is given to reveal structural deformation
during core production.

LN ¼ Lo þ Ly (6a)

WN ¼Wo � 2Wx (6b)

As the transversal strain (εT ) and longitudinal strain (εL) could
be principally identified, Poisson's ratio of the ribbon in the AS state
is found by following expressions (Eqs. (7) and (8)),
V¼ εT

εL
¼

�
WN � Wo

Wo

���
LN � Lo

Lo

�
¼ LoðWo � 2Wx �WoÞ

Wo
�
Lo þ Ly � Lo

�
(7)

V ¼ fe2LoWxÞ
WoLy

�
)

(8)

whereWx refers to shrinkage value inwidth along with the x� axis,
whereas Ly indicates the longitudinal elongation value in y e axis.
In table e 1, induced stress values in the produced core depending
on the gradient between the speeds of mandrels are presented.
Structural deformations formed in the ribbons as a result of such
tensile stress loading was determined as well. It is explicitly seen
that the number of the stacked ribbons in a unit volume progres-
sively varies with increase of tensile loading [28].



Table 1
Definition of structural deformation in the ribbon. Induced stress depending on the gradient speeds between mandrels, longitudinal (εL) and transversal strains (εT ) with the
empirical errors, Young's modulus (E), Poisson's ratio (V) number of stacked ribbons in a unit volume with associated experimental errors.

Diff. of pulling velocity
½v2 �v1� (m/sn)

Tensile
Stress (MPa)

Longitudinal
Residual Strain (εL)

Error
(%)

Transverse Residual
Strain (εT )

Error
(%)

Young's
Modulus (E, GPa)

Poisson's
ratio (V)

Number of stacked ribbons in
unit volume (turns)

Error

~2 10 0.0052 ±0.9 0.002 ±1.14 7.9 0.39 1475 ±0.05
~10 50 0.0118 ±1.2 0.0044 ±1.27 1481 ±0.19
~20 100 0.017 ±1.32 0.007 ±2 1485 ±0.11
~26 130 0.021 ±1.44 0.0082 ±2.7 1488 ±0.07
~32 160 0.0246 ±1.51 0.0096 ±2.8 1493 ±0.22
~40 200 0.0279 ±1.59 0.0109 ±2.83 1496 ±0.39

Fig. 9. A stressestrain diagram showing the linear elastic deformation for εL and non-linear deformation for εT at the constant Young's modulus ðEÞ and Poisson's ratio (V). Reduced
air void between 10 and 200MPa is showed in the inset figure.
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Fig. 9 indicates the variation of εL and εT in the course of x� and
y� axes, as a function of applied tensile stress loading. Herewith,
we found an effective elastic modulus E from the slope of a
stressestrain curve [29]. As 100mm long sample was preferred in
this study, curves of εL and εT shows relatively different appear-
ance. To ensure the proper value of elastic modulus E, εL was
approved as the reference value. Furthermore, inset graph in Fig. 9
shows the variation in the air void with the increase of tensile
stress. Once the stress value is increased from 10 to 200MPa, the
number of stacked ribbons inside the toroidal core could be
increased around 1.5%. Such proportion explicitly indicated that
the presence of tensile stress loading contributes to both struc-
tural stability and magnetic capability of the produced toroidal NC
core.

Formed air void between the stacked ribbons during construc-
tion was measured by electronic caliper. Once the wound toroidal
core with no stress and fully stress loading were compared in terms
of their wall thickness, it was explicitly seen that the number of
ribbon increased as much as 21 layers than that of no-stress core.
Accordingly, increase value of the stress loading led to form a curve
in a descending trend as indicated inset graph in Fig. 9.
4. Conclusion

The studied alloy system involving a nanocrystalline structure
and consisted of a-Fe grains with the size of 7.02 nm obtained by
means of heat treatment of 510 �C under the influence of tensile
stress loading as much as 200MPa indicated low coercivity of
around 5.8 A.m�1, relatively high saturation induction of around
1.85 T and substantially low saturation magnetostriction of 6 ppm.
It is quantitatively realized that the samples exposed to the stress
annealing in actual circumstances have shown great magnetic
capability and also superior soft magnetic properties. The average
grain sizes were yielded by both TEM micrographs (statistical dis-
tribution) and XRD data (Scherrer equation) to ensure the optimum
grain size distribution. It was found a difference around 8% between
the data of TEM and XRD. The proposed SIW system was tested on
the certain ribbons in terms of structural deformation resulting of
applied tensile stress during core production. Accordingly, stress
induced nanocrystalline toroidal cores in the range of 10e200MPa
were able to be produced using the gradient of the rotational speed
of each mandrel. To numerically introduce the system, a relation,
called as stacking function was brought out based on stress and
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strain formulas. The concept of the stacking function is principally
based on winding number nðsÞ, ribbon mass (m), holder radius (r),
induced stress and strain. Comparison between linear (before core
production) and non-linear (after core production) tensile stress
implementations showed relatively low tolerance (~1e2%). Due to
this fact, the structural deformation could be estimated analyzing
the ribbon by nanoindentation test device. Moreover, it was found
that stress-controlled toroidal core production allows to contribute
the magnetic capability as well as structural stability of the core.
Based on the volume of entire core, air gaps between the stacked
ribbons could be reduced around 84% after the tensile stress of
200MPa was implemented. In addition to refinement in domain
structure and annihilation of complex stress patterns, this case
explicitly contributes the improvement of saturationmagnetization
of around 25%. On the other hand, proposed SIW system and its
numerical approach contributes to develop standard auto winding
machines for amorphous and nanocrystalline cores.
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